New silver nanoparticle (AgNP)-loaded amino acid based hydrogels were synthesized successfully from poly (vinyl alcohol) (PVA) and poly(acryl amide-co-acryloyl phenyl alanine) (PAA) by redox polymerization. The formation of AgNP in hydrogels was confirmed by using a UV-Vis spectrophotometer and XRD. The structure and morphology of silver nanocomposite hydrogels were studied by using a scanning electron microscopy (SEM), which demonstrated scattered nanoparticles, ca. 10-20 nm. Thermogravimetric analysis revealed large differences of weight loss (i.e., 48%) between the prestine hydrogel and silver nanocomposite. The antibacterial studies of AgNP-loaded PAA (Ag-PAA) hydrogels was evaluated against Escherichia coli (Gram-negative) and Staphylococcus aureus (Gram-positive) bacteria. These Ag-PAA hydrogels showed significant activities against all the test bacteria. Newly developed hydrogels could be used for medical applications, such as artificial burn dressings.
Introduction
Since hydrogels possess hydrophilic character and have potential for biocompatibility, they have been of great interest to biomaterial scientists for many years. [1] [2] [3] [4] Hydrogels have been used in numerous applications, including biosensors, bioreactors, bioseparators, tissue engineering, and drug delivery, due to their excellent biocompatibility.
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Hydrophilic polymer networks are physically crosslinked or formed by crosslinking agents. 9, 10 Early work in the 1980's by Yannas and coworkers 11 demonstrated the successful application of natural polymer hydrogels as artificial burn dressings. More recently, hydrogels have become attractive to tissue engineers as matrices for regenerating a wide variety of tissues and organs. 12, 13 Hydrogels are hydrophilic polymer networks that may absorb water from 10-20 times (an arbitrary lower limit) up to thousands times than their dry weight.
Poly(vinyl alcohol) (PVA) is a well-known hydrophilic, biocompatible, and commercially available polymer. It has good mechanical strength, low fouling potential, and longterm temperature and pH stability. These properties of PVA lend well to its use in bioseparation, medical, and pharmaceutical applications.
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Metal nanoparticles show peculiar optical, magnetic, and electronic properties that bulk solid or isolated molecules do not usually exhibit. [16] [17] [18] Recently, there has been immense interest in the fabrication of composite materials consisting of polymer-encapsulated particles. It is now well-established that polymers are excellent host materials for nanoparticles made of metals and semiconductors. [19] [20] [21] When the nanoparticles are embedded or encapsulated in polymer, the polymer acts as a surface capping agent. The particle size is well controlled within the desired regime and make the casting of films easier. 22, 23 Most popular methods employed for encapsulation include emulsion polymerization, surfactant-free emulsion polymerization, emulsion-like polymerization, suspension polymerization, and dispersion polymerization. Among metal/polymer composites, silver composites have found important applications in material technologies like optical materials, 24 catalytic systems, antibacterial materials, 25, 26 chemical nanosensors, and surface-enhanced Raman scattering (SERS). 27 However, the most significant challenge encountered in preparing silver/polymer nanoparticle encapsulation is that the nanoparticles cannot be dispersed in polymer matrix at the nano level by conventional techniques because the surface energies of tiny silver particles are very high, and these particles tend to agglomerate during mixing. For application in optoelectronics and electronics, the precise control of particle size and their uniform distribution within the polymer are key technologies based on nanoparticles in polymers. Improved stability of silver nanoparticles (AgNPs) has been understood in polystyrene (PS), 28, 29 possibly because of the presence of free electrons in the functional groups of the polymer chains, which allow the particles to be held more firmly by the functional groups. Selection of antibacterial material is important for medical materials or hygienic appliances. AgNPs are excellent antibacterial materials. However, the preparation of AgNP is difficult because they agglomerate easily. L-Phenylalanine is an essential amino acid and a tyrosine precursor that acts in the central nervous system as an antidepressant and mood elevator. 30 The phenyl group of the phenylalanine residue should provide a rather large hydrophobic domain in which cohesive forces play major roles during the conformational transitions of macromolecules. The magnitude of the hydrophobic character may also be revealed by calorimetric data. Thus, a thermodynamic study is of special interest, because it enables correlations to be established between increasing hydrophobicity and the appearance of a compact structure. 31, 32 In the present study, we developed AgNPs in semi-IPN hydrogels composed of acrylamide and acryloyl phenylalanine in the presence of polyvinyl alcohol. The encased silver particles demonstrated very good antibacterial properties.
Experimental
Materials. Poly (vinyl alcohol) (MW=125,000), acrylamide (AAm), N,N'-methylenebisacrylamide (MBA), ammonium persulfate (APS), silver nitrate (AgNO 3 ), L-phenyl alanine, and 2,6-di-tert-butyl-p-cresol were purchased from Aldrich, USA. Sodium borohydride (NaBH 4 ) was purchased from Acros Organics, Japan.
Synthesis of PVA-P(AAm-co-APA) Hydrogels. PVA/ AAm-co-APA (PAA) hydrogels with different compositions and crosslinking agent concentrations ( Figure 1 ) were prepared by radical polymerization. N-Acryloloyl-L-phenylalanine (APA) was prepared according to published procedures.
33 A 6 wt % PVA aqueous solution was prepared in double distilled water at 80 o C. After dissolution, the solution was cooled to room temperature and different amounts of APA and AAm were added. Cross linking agent (MBA, 0.12 mmol) and initiator (KPS, 0.36 mmol) were added to this reaction mixture, followed by stirring. The resulting solution was stirred for 2 h, and then allowed to polymerize at 35 o C for three days. After completion of polymerization, 3 mm cylinder-shaped hydrogels were immersed in distilled water for four days. The water was changed every 12 h in order to remove residual monomers. The swollen gels were dried under vacuum oven at 40 o C to attain a constant weight.
Fabrication of Ag Nanoparticles in PAA Hydrogels. Dried PAA hydrogels were immersed in distilled water for three days at room temperature. Freshly swollen gel discs were equilibrated in 50 mL of AgNO 3 aqueous solution (0.005 M) for 24 h. The gel discs were transferred into 50 mL of 0.05 M NaBH 4 aqueous solution for 2-3 h to reduce the AgNO 3 into Ag colloidal particles. The developed Ag nanoparticle loaded PAA hydrogels designated as Ag-PAA.
Swelling Studies. Fully dried pristine PAA hydrogels and Ag-PAA hydrogels were weighed and equilibrated in distilled water at 37 o C for three days. The equilibrium swelling capacity or swelling ratio (Q) of the hydrogel was calculated employing the following Eq. (1);
where, W e is the swollen PAA hydrogels weight and W d is the dry PAA hydrogels. Characterization. UV-visible spectra of PAA hydrogel and Ag-PAA hydrogels (4 mg in 1 mL of distilled water) were accomplished using an Agilent 8453 UV spectrophotometer. X-ray diffraction measurements of samples were carried out using a X'pert MPD 3040. The thermal properties of Ag-PAA hydrogels were evaluated using a TA 5000/SDT 2960 thermal analyzer (Zurich, Switzerland) at a heating rate of 10 o C/min under nitrogen atmosphere (flow rate 10 mL/min). Morphological studies of dry hydrogel and Ag-PAA hydrogels were performed with a MIRA LMH, H.S scanning electron microscope (SEM) and a JEM 2100F transmission electron microscope (TEM).
Antibacterial Studies. Antibacterial activity screen studies of placebo Ag-PAA hydrogel and its Ag nanoparticle (AgNP)-hydrogels were conducted by the paper disc method. A quantity of 5 mL of nutrient agar (NA) medium (pH = 6.8) was poured into sterilized plates and allowed to solidify. The plates were inoculated with spore suspensions of Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) paper discs (8 mm diameter) were placed inside the culture plates by a sterilized cork borer. The Ag nanoparticle (AgNP)-hydrogel solutions (10 mg/10 mL and 20 mg/20 mL distilled water) absorbed discs were placed on cultured agar plates. The plates were examined for possible clear zone formation after incubation at 37 o C for one day. At the end of the incubation period, the diameters of inhibition zones occurred on the medium were evaluated in millimeters. The measuring process was repeated five times and results were averaged. To calculate the antibacterial activity of these newly prepared Ag nanoparticle (AgNP)-hydrogels statistically, we (1)
Where, n is the number of observations, s is the measured standard deviation, is the measured mean value of the inhibition zone, and t is Student's t (t = 2.776 at 95% confidence level).
Results and Discussion
The present approach involves the incorporation of amino acid moiety as in the form of monomer, such as APA, which is having acidic in nature. The silver nanocomposite hydrogels composed from PVA-P(Am-co-APA) (Ag-PAA) and it is schematically represented in Scheme 1. PVA is a charge stabilizer for hydrogel formation. The functional groups presented in APA and AAm molecules were responsible for the reduction of silver salts into AgNPs, and were also capable of providing additional stabilization through high molecular chains. The strong interaction with silver likely involve with oxygen and nitrogen. By using sodium borohydride, a strong reducing agent, PAA hydrogel matrix provides steric protection due to the network and bulkiness of the matrix via direct bonding with these electron donor sites. Various natural and synthetic hydrophilic polymers containing hydroxyl (-OH), carboxylic (-COOH), amino (-NH 2 ), or thiol (-SH) groups could offer reduction capacities in addition to stabilizing the formed nanoparticles. Figure 1 shows the influence of acrylamide and APA ratios on the swelling characteristics of pristine PAA hydrogels and Ag-PAA hydrogels. Reasonable variation was observed in the swelling ratios of hydrogels. The swelling ratios were observed in the following order of pristine PAA hydrogels (137-187%) > Ag-PAA hydrogels (75-130%). The swelling behaviors of hydrogels varied with differing monomer ratios. The swelling ratio increases with increasing APA concentration due to increases in the hydrophilicity of the hydrogel network.
When reducing silver ions into AgNPs in the PAA hydrogel networks using NaBH 4 , the hydrogel networks solution color immediately turned brown. The UV-visible absorption studies confirmed the formation of Ag-PAA hydrogels as shown in Figure 2 . An absorption peak at around 400 nm confirmed AgNPs due to the surface plasmon resonance (SPR) effect, whereas pure hydrogel did not show any significant absorption in the UV-visible spectrum.
35,36 X-ray diffraction patterns of PAA hydrogels and Ag-PAA nanocomposite hydrogels are given in Figure 3 o are due to (111), (220), and (311) planes of the face-centered cubic (fcc) silver, respectively, whereas absence of peaks in pristine PAA hydrogels confirmed the non-crystalline nature. 34, 37 Another peak around 44. 23 o also appoints (200) plane of Ag fcc even though it is very weak in this region. The TGA curves of pure PAA hydrogel and Ag-PAA hydrogels are presented in Figure 4 . Ag-PAA hydrogel showed an enhanced thermal stability, resulting in only a 45% weight loss below 400 o C in three degradation steps. The pristine PAA hydrogel followed three decomposition steps, and 80% degradation of the hydrogel chains occurred below 500 o C. The weight loss or difference in decomposition between the hydrogel and AgPAAhydrogel was found to be 48%, and illustrates the presence of AgNPs (weight loss) in the hydrogel. This difference is significant and has not been previously observed. To confirm visually that AgNPs were formed in the hydrogel matrix, hydrogels impregnated with AgNPs were scanned via SEM. Figure 5 demonstrates SEM images of PAA hydrogels and Ag-PAA hydrogel nanocomposites. A clear surface of the pure hydrogel can be observed in Figure  5 (a). On the other hand, Figure 5 (b) demonstrates the rocky surface of the Ag-PAA hydrogel due to the presence of AgNPs inside the gel networks. However, there is little variation in the case of AgNPs formed in the gel networks, which illustrates the formation of defined nanostructures in the hydrogel networks. The formation of AgNPs clearly indicates the polymer matrix rather than simply nanoparticles entrapped in the hydrogel networks. The size of AgNPs are commonly controlled by varying the monomer ratio and hydrophilicity of hydrogel.
A TEM graph illustrates the distribution of AgNPs ( Figure  6(a) ). It is possible that the AgNPs formed in the crosslinked networks are spherical, highly dispersed, and few nanometers in size. Moreover, the selected area electron diffraction (SAED) pattern of AgNPs in Figure 6 (b) is clearly visible as three diffraction rings from the selected area of the TEM image, and they are definitely attributed to the face-centered cubic structures of AgNPs. The brightest ring and the one closest to the center is a combination of the (111) and (200) reflections. The second ring belongs to the (222) reflection and the weakest third ring is due to either (420) and/or (422) reflections. This ultimately helps not only in controlling the size of the nanoparticles, but also provides better stabilization of nanoparticles for longer periods. In this environment, the PVP chains in the networks are highly compact in nature and provide enough stability to the AgNPs. The sizes of most Ag nanoparticles are found between 10 and 20 nm.
The antibacterial effect of the placebo PAA hydrogel and Ag-PAA hydrogels was investigated by comparing the diameter of growth inhibition zone with cultured Escherichia coli and Staphylococcus aureus in nutrient agar medium before and after adding Ag-PAA hydrogels at concentrations of 1.0 mg/mL and 2.0 mg/mL. Figure 7 illustrates the photographs of in-vitro antibacterial screening for the Ag-PAA hydrogel nanocomposite, which were carried out against E. coli and S. aureus. No obvious antibacterical effect of the placebo Ag-PAA hydrogel was observed. However, apparent antibacterial activity of silver-hydrogel nanocomposite was noted against E. coli and S. aureus. The diameter of growth inhibition zone were 12.8 ± 0.3 mm against E. coli and 11.6 ± 0.3 mm against S. aureus with 1.0 mg/mL of Ag-PAA hydrogel nanocomposite. The antibacterical ability was enhanced with increasing the concentration of the silverhydrogel nanocomposite (13.6 ± 0.2 mm against E. coli and 12.4 ± 0.2 mm against S. aureus with 2.0 mg/mL of Ag-PAA hydrogel nanocomposite). These results suggest that the silver nanocomposite hydrogel showed a more toxic effect than placebo hydrogel under similar conditions. The possible mode of increased toxicity of the silver-hydrogel may be due to interactions of the AgNPs with the lipid layer of cell membranes.
Conclusions
In the present study, we fabricated well-dispersed and stable AgNPs using PVA-poly(acrylamide-co-acryloyl phenylalanine) networks. XRD studies, thermal analysis, and UV-visible spectra revealed the formation of AgNPs in the hydrogel matrixes. SEM and TEM images showed the narrow distributions and spherical shapes of AgNP. The developed nanoparticles showed good antibacterial activity. Hence we conclude that the prepared hydrogel nanocomposites are excellent potential candidates for medical applications, such as artificial burn dressings.
